adaptor, ClpS, which inhibits degradation not only of
ClpS Inhibits ClpAP-Mediated Degradation of SsrA-Tagged Substrates SsrA-tagged proteins but also of ClpA itself. ConsisSince the in vitro degradation of SsrA-tagged proteins tently, ClpS binding to the N domain of ClpA displaces by ClpAP has been clearly demonstrated, we chose a prebound SsrA-tagged substrate. We observe in vitro to elucidate the functional role of the ATP-dependent that ClpS stabilizes the interaction of ClpA with heatassociation between ClpA and ClpS by studying the aggregated malate dehydrogenase (agg-MDH), and in degradation of two SsrA-tagged substrates, SsrA-tagged the presence of ClpP, the machine enhances the degragreen fluorescent protein (GFP-SsrA) and a 23 residue dation of two different aggregated proteins. The pressynthetic peptide containing the SsrA sequence at the ence of ClpS in vivo may therefore explain why ClpA C terminus. The ClpAP-mediated degradation of GFPdoes not degrade SsrA-tagged substrates in this setting, SsrA was examined by following GFP fluorescence (Figand, ClpAP-mediated but not ClpXP-mediated GFP-SsrA Since in many cases operons encode proteins that funcdegradation is indicative of a specific interaction betionally cooperate, we speculated that ClpS may act tween ClpA and ClpS and not between ClpS and the together with ClpA to modulate ClpAP activity, as has substrate. In contrast, SspB influences both ClpAP-and been shown for several AAAϩ proteins. Interestingly, ClpXP-mediated degradation of SsrA-tagged proteins, ClpS homologs are not limited to bacterial species but suggesting a specific interaction with the SsrA-tagged were also found in all plant species sequenced to date. substrate, as was recently elucidated (Flynn et al., 2001). Since ClpA has yet to be identified in plant species, we When saturating amounts of ClpS were added after initispeculate that plant ClpS homologs may cooperate with ation of the degradation reaction (at 150 s), further ClpC, as the ClpC specific adaptor protein, MecA, found ClpAP-mediated degradation of the substrate was imin B. subtilis (Turgay et al., 1997) is also absent from mediately prevented (Figure 2A , filled diamonds), indicurrent plant genomic sequences.
cating that ClpS can efficiently prevent the binding of We first determined the endogenous levels of ClpS in new substrate molecules to ClpA and suggesting that E. coli. ClpS was overexpressed in E. coli and purified it may also trigger the release of prebound substrates. to homogeneity. Using an affinity-purified anti-ClpS antiTo quantify the effect of ClpS on ClpAP-mediated body and known amounts of purified ClpS, we estimated degradation, we determined the half-life of degradation there to be ‫004ف‬ molecules of ClpS per cell in MC4100 of a 23 residue peptide containing the 11 amino acid ( Figure 1C) , approximately four times the number of ClpA SsrA sequence at its carboxy terminus ( Figure 2D ). As hexamers ‫)001ف(‬ found in the same E. coli strain. To a control, we also examined the effect of ClpS on ClpXPdemonstrate a physical interaction between ClpA and mediated degradation of the same peptide ( Figure 2D ). ClpS, we used gel filtration ( Figure 1D ). In the absence of While ClpS inhibited the rate of ClpAP-mediated degraClpA, ClpS elutes from Superose12 at 31 min, indicating dation of the SsrA-peptide by approximately 15-fold, that ClpS is either monomeric or dimeric under these the rate of ClpXP-mediated degradation was essentially conditions ( Figure 1D, upper panel filled triangles) . The unchanged by ClpS. These data confirm that ClpS speaddition of ClpA (in the absence of ATP) resulted in a cifically inhibits ClpAP without affecting ClpXP-medishift of the ClpS peak (26 min; Figure 1D Figure 4C ). In contrast, no such rise in the anisotropy was observed upon ATP␥S addition in the presence of ClpS ( Figure 4D , lower trace), indicating that ClpS prevented a stable interaction between the substrate and the ClpA hexamer. We next asked whether addition of ClpS could dissociate an already formed -SsrA-ClpA complex. As a control, the addition of a 10-fold excess of unlabeled -SsrA to the preformed complex did not alter the anisotropy (data not shown). However, upon addition of ClpS to the binary complex, the anisotropy rapidly dropped ( Figure 4D , upper trace), indicating that ClpS triggered dissociation of the SsrA-tagged substrate from the ClpA hexamer.
ClpS Enhances the Degradation of Heat-Aggregated MDH and Luciferase
From the preceding data, it remained unclear whether Figure 5D ). In contrast, agg-MDH could be partially disaggregated by ClpAP alone, more under these conditions, in the presence of native ( Figure 5B, lanes 1 and 2) or heat-aggregated MDH (Figbut the addition of ClpS improved the rate of disaggregation by approximately 2-fold ( Figure 5C ). Moreover, not ure 5B, lanes 3 and 4), the distribution of ClpS remained unchanged, suggesting that ClpS alone does not stably only was the rate of ClpAP-mediated disaggregation enhanced in the presence of ClpS, but in contrast with interact with heat-aggregated substrates; however, a transient interaction with the aggregate cannot be exClpAP incubation where the aggregated proteins were essentially stable, both aggregated proteins were now cluded.
Next, we tested the ability of ClpAP to disaggregate efficiently degraded in the presence of ClpS (Figures 5E and Figure 5F ). These data suggest that, in this case, and degrade two different heat-aggregated proteins (agg-MDH and aggregated luciferase [agg-luci]). Using ClpS does not radically alter ClpA substrate specificity as was demonstrated for SsrA-tagged substrates but light scattering and SDS-PAGE, we monitored the effect of ClpS on ClpAP-mediated disaggregation and degrainstead modulates ClpA-mediated binding to aggregated proteins. dation of these proteins. In the absence of protease, the light scattering intensity of both aggregated proteins Although the rate of disaggregation and the subse-quent degradation of aggregated proteins by ClpAPS were slow in comparison to ClpAP-mediated degradation of GFP-SsrA, the disaggregation rate by ClpAPS was comparable to that achieved by the bi-chaperone system ClpB/KJE using the same substrates ( Figure 5G) . Moreover, the rates of degradation by ClpAPS and the rates of refolding by ClpB/KJE of both model substrates were also equivalent (data not shown). Interestingly, the disaggregation of agg-MDH by ClpAPS ( Figure 5C ) occurred more rapidly than the ClpAPS-mediated degradation ( Figure 5E ), suggesting that under these conditions disaggregation of agg-MDH is not strictly coupled to degradation. In agreement with this suggestion, we observed some disaggregation but no degradation of agg-MDH by a proteolytically inactive ClpAP complex (data not shown). In contrast, the disaggregation ( Figure  5D ) and degradation ( Figure 5F ) of agg-luci by ClpAPS appear to be kinetically coupled, as the rate of disaggregation and degradation are similar, suggesting that the disaggregation and degradation reactions may, in this case, occur simultaneously. Although the disaggregation rates of both systems (ClpAPS and ClpB/KJE) are similar in vitro, we noticed when we analyzed ⌬clpA and ⌬clpS cells that in comparison to wild-type cells, the amount of protein aggregation was not significantly increased (data not shown). In contrast, extensive protein aggregation occurred in ⌬clpB cells, suggesting that ClpB/KJE-mediated disaggregation and refolding of aggregates predominate in E. coli cells, thereby masking the effect of deleting either clpA or clpS. This suggested that although both the ClpAPS and ClpB/KJE systems are equally efficient in vitro, the in vivo role of the ClpB/KJE system for refolding 
